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a b s t r a c t
Virus populations, mixtures of viral strains or species, are a common feature of viral infection, and
inﬂuence many viral processes including infection, transmission, and the induction of disease. Yet, little
is known of the rules that deﬁne the composition and structure of these populations. In this study, we
used three distinct strains of Citrus tristeza virus (CTV) to examine the effect of inoculum composition,
titer, and order, on the virus population. We found that CTV populations stabilized at the same
equilibrium irrespective of how that population was introduced into a host. In addition, both ﬁeld and
experimental observations showed that these equilibria were relatively uniform between individual
hosts of the same species and under the same conditions. We observed that the structure of the
equilibria reached is determined primarily by the host, with the same inoculum reaching different
equilibria in different species, and by the ﬁtness of individual virus variants.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Over the past 20 years amazing progress has been made in
understanding replication and infection of plants by viruses
(Noueiry and Ahlquist, 2003; Harries and Ding, 2011; Saxena and
Lomonossoff, 2014), and in understanding how viruses can induce
abnormalities in plant growth and regulation, leading to disease
(Pallas and García, 2011). Most, if not all, of these studies were
performed with single viruses in amenable host species. Yet most
serious viral diseases of plants are due to virus populations, not
single strains, laboratory cultures, or clones.
Numerous diseases are caused by virus populations. Examples
include some of the most signiﬁcant diseases of staple food crops,
such as severe cassava mosaic disease in Africa and south-east Asia
(Fondong et al., 2000), corn lethal necrosis in the US and Africa
(Scheets, 1998; Wangai et al., 2014), and the globally-distributed
sweet potato virus disease (Untiveros et al., 2007). In nature, many
hosts contain viral populations, the dynamics of which will dictate
the persistence, virulence, and pathogenicity of the infection. This is
particularly true of hosts that permit sequential infections, such as
perennial plants which over their lifespan have the potential for
repeated superinfection by different viruses. An example was illu-
strated through deep sequencing of a single grapevine expressing
Syrah-decline disease, which was found to contain four virus and
three viroid species (Al Rwahnih et al., 2009).
The interaction of virus populations in plants affects areas of
critical importance: vector transmission, host range, and disease
severity. The interaction between different members of a popula-
tion may be synergistic or complementary, where one member of
the population provides adapted or functional gene products to
the other. This has been shown to increase vector transmissibility
(Li et al., 2014), to permit a more extensive or virulent infection of
a host (Karyeija et al., 2000; Untiveros et al., 2007), to enable the
virus to enter tissues not normally infected (Harper et al., 2015),
and to allow the infection of non-host species (Mansky et al., 1995;
García-Cano et al., 2006). Complementation can also ensure the
persistence of less-ﬁt members of a population that would other-
wise be lost (Moreno et al., 1997). Alternatively, the interaction
may be competitive or antagonistic, reducing the titer of one or
more components (Wintermantel et al., 2008; Salvaudon et al.,
2013) by systematically out-competing or replacing one another
(Dietrich and Maiss, 2003; Capote et al., 2006), or restricting
infection to separate cells or tissues of the host (Dietrich and
Maiss, 2003; Takahashi et al., 2007). We assume that there are also
populations in which each virus has little or no effect on the other.
Citrus tristeza virus (CTV) is an ideal systemwith which to study
the interactions between viral populations and their host. CTV is a
positive-sense single-stranded RNA virus that infects Citrus spp.
and relatives in the Rutaceae family, and was responsible for over
100 million citrus trees rendered dead or unproductive over the
past century (Moreno et al., 2008), and remains a signiﬁcant threat
to the global citrus industry today. CTV isolates induce a range of
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phenotypes in infected plants. Some isolates induce decline and
death of trees on sour orange (C. aurantium) rootstock, while
others induce stem pitting and/or severe stunting of susceptible
scions regardless of rootstock, resulting in a loss of tree vigor and
fruit quality (Moreno et al., 2008). Other isolates cause little or no
disease, despite long-term systemic infections.
CTV possesses 7 characterized strains, distinguished from one
another on the basis of genomic sequence (Harper, 2013). The
strains differ from one another by 10–20% at the nucleotide level, a
divergence greater than that found between recognized viral
species, for example geminiviruses. Not all strains infect the same
citrus species; several species are resistant to one or more strains
(Harper et al., 2010, 2014), and even in susceptible species there is
an observable gradient in the strains' ability to move systemically
and infect cells (Folimonova et al., 2008; Harper et al., 2014). This
gradient reaches an extreme in which the infection of maladapted
strains is limited to the roots of selective host species (Harper
et al., 2014).
In nature, CTV isolates almost always consist of populations of
multiple strains (Brlansky et al., 2003; Hilf et al., 2005; Scott et al.,
2013). That these populations exist is not surprising given that
citrus trees may live for up to 100 years, and hence provide ample
opportunity for repeated inoculation by aphid vectors. While
superinfection-exclusion has been demonstrated within strains,
it does not occur between strains (Folimonova et al., 2010). Thus, it
is common to ﬁnd 2 or more strains in the same tissue and, given
the frequency with which recombinants between strains are
generated (Roy and Brlansky, 2009; Harper, 2013), at least occa-
sionally infecting the same cells. We have recently reported the
importance of CTV populations for the survival of maladapted
strains or variants, demonstrating that CTV strains are capable of
complementation during movement and systemic infection
(Harper et al., 2015).
Despite the many observations of viral populations involved in
causing diseases, and some examples of synergism and antagon-
ism between different viruses, there is little understanding of the
‘rules’ governing viral population dynamics. For example, in a
population consisting of 20% strain A, 70% strain B, and 10% strain
C, what elements deﬁned those proportions? It is possible that
with more understanding, populations could be manipulated as a
management strategy to reduce disease, particularly if a certain
proportion of one of the strains is needed to induce a disease
phenotype. In this study, we utilize CTV to describe how popula-
tions in the ﬁeld come to be and how they change over time to
reach equilibrium. We found that a population structure is
determined by a conﬂuence of factors, including the ﬁtness of
individual components, their potential interactions with one
another, and with their host.
Results
The ﬁrst objective was to examine the composition of CTV
populations in ﬁeld trees. To this end, we sampled and quantiﬁed
the CTV strains present in the grove in which VT isolates were ﬁrst
reported in Florida (Sieburth and Nolan, 2005), and hence likely
contained virus populations. The trees themselves are somatic
hybrids between C. sinensis sweet orange and various other species
(Grosser et al., 1998) in an experimental grove at the Citrus
Research and Education Center, University of Florida. All of the
trees were free of virus when transplanted approximately 20 years
ago. In addition, isolates from these trees had been previously
reported to produce stem-pitting and seedling yellows symptoms
of varying severity on indicator hosts (Hilf et al., 2007). We found
that nearly every tree possessed a different CTV population
structures (Fig. 1). Three trees contained isolates consisting of
both T36 and VT, while the others contained isolates comprised of
members of the T36, T30, and VT strains. The structure and the
relative titers of the members of the different strains varied
considerably from tree to tree, but it should be noted that these
trees were genetically different.
Effects of aphid transmission
As these trees went out to the ﬁeld CTV free, it is likely that
they were infected via aphid transmission. We therefore examined
what effect aphid transmission has on population composition and
structure using a sub-propagation of Florida isolate FS703, which
was originally isolated from one of the aforementioned trees and
contains strains T36, T30, and VT. Transmission rates differed
between single-aphid transmission and batches of 10 aphids per
receptor plant, at 8.2% and 23.0% respectively, although given the
aggregation behavior of T. citricida (Gottwald et al., 1996), batch-
transmission is perhaps a better representation of transmission in
the ﬁeld. In both cases, nearly half of all successful transmissions
contained all 3 strains in mixture (Table 1), with transmission of
2 strains being the next most-frequent. Transmission of a single
strain from the population was rare, and only occurred with
batches of 10 aphids (Table 1).
This data suggests that there was no signiﬁcant bottleneck or
reduction in the transmission of components of this population. We
then quantiﬁed the components of 15 successful transmissions from
this population by real time RT-qPCR at 6 weeks post-inoculation to
examine the structure of the founder population in each plant. We
found that there was considerable variation in population structure in
each plant, for populations comprised of the T36þT30, T30þVT, and
T36þT30þVT strains (Fig. 2). The structures also differed from the
source population (Fig. 2). If the structures are representative of the
relative titer of each strain transmitted by the aphid, these data
suggest that the process of aphid transmission, while not greatly
restricting the population composition transmitted, can alter the ratio
of one strain to another, creating novel founder populations in newly
infected hosts.
Effect of titer
We next examined whether CTV populations with different
initial structures, one of the effects of aphid transmission, change
over time. To do this, we graft inoculated replicates of 5 citron
seedlings with 3 populations originally obtained from genetically
different ﬁeld trees containing the strains T36, T30, and VT in
different proportions (Fig. 3). We found that 6 weeks after
inoculation, the CTV populations present in the seedlings showed
the same sampling and founder effect as the aphid transmissions,
with variation in structure and overall virus titer (Fig. 3). When
these populations were quantiﬁed again at 6 months post-inocu-
lation, each set of plants inoculated from the same source
possessed a much more uniform population, with near-identical
structure, and overall virus titer (Fig. 3). Interestingly, as the
populations reached equilibrium, strains latent in the source and
undetected in the founder populations of individual plants, such as
T30 in FS672 (Fig. 3), accumulated. We also observed that while
plants inoculated from a single source reached the same point of
equilibrium, this was not true between sources (Fig. 3). For
example, plants inoculated from the FS627 source isolate stabi-
lized at a different equilibrium to those inoculated from the FS672
or FS692 sources, despite all containing the same three strains;
this may be attributed to differences in ﬁtness between the
variants of each strain present in these three isolates.
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Effect of sequential inoculation
We next examined whether staggering the introduction of
different components of a population, as would likely happen with
repeated vector transmission in the ﬁeld, would induce different
population structures. We inoculated replicates of 10 Alemow plants
with strains T36 and T30, or T36 and VT, and once stabilized,
introduced a third strain, VT or T30 respectively, and quantiﬁed the
Fig. 1. The titer of CTV strains T36 (black), T30 (gray), and VT (white), as determined by RT-qPCR in 15–20 year old sweet orange hybrid trees from a research block at the
CREC, University of Florida. Isolates previously described in Hilf et al. (2007) are named in brackets.
Fig. 2. The relative titer of CTV strains T36 (black), T30 (gray), and VT (white) in aphid-inoculated C. macrophylla seedlings six weeks post-transmission, as determined by RT-qPCR.
Fig. 3. Comparison of the population structure and composition of CTV strains T36 (black), T30 (gray), and VT (white) as determined by RT-qPCR, in Etrog citron at six and 24
weeks post-inoculation from three different ﬁeld sources.
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strain titers sequentially from 6 to 20 weeks post-inoculation (Fig. 4).
The titer of the third strain increased rapidly from the time of
inoculation to 6 and 9 weeks post-inoculation, after which the
relative titers of VT and T30 in each series ﬂuctuated relative to
one another whilst T36 remained stable throughout. By 20 weeks
post-inoculation the population structures of both series had stabi-
lized at a similar pattern of high T36, with T30 slightly, though not
signiﬁcantly, more abundant than VT. Titers for each strain were not
substantially different between series.
Effect of host species
While examining the effects of inoculation titer and order over
time on population structure, we observed that CTV populations
comprised of the same 3 variants tended to reach the same points
of equilibrium. Given that the CTV strains present in these trees (Hilf
et al., 2007) and central Florida in general are largely homogenous
(Harper, 2013), we examined whether the differences observed
between trees in the initial survey were due to differences in the
hosts themselves, for each tree is the result of somatic hybridization
between sweet orange and other species (Grosser et al., 1998). There-
fore, we graft-inoculated a range of citrus species from the same
inoculum source, Florida ﬁeld isolate FS674, which contains 3 strains,
T36, T30, and VT, with a stable, known structure (Fig. 5). Quantiﬁcation
showed that while there was no difference in population components
between the different hosts, for all 3 strains were successfully
transferred, the resulting population structure varied signiﬁcantly
between species after 16 weeks (Fig. 5). Three patterns were observed:
1) T36 dominating the population by at least 10-fold, while T30 and
VT were not signiﬁcantly different, 2) approximately equal levels of all
3 strains, and 3) outliers, in which restructuring from the original
population had occurred. Within each grouping there were also
differences in the ratio of one strain to another, for while T36
dominated the population in both sour orange and pomelo, T36 was
100 greater than VT and T30 in the former, but 1000 greater
in the latter (Fig. 5). These data suggests that host species play a
signiﬁcant role in determining CTV population structure.
CTV populations in commercial groves
Finally, to corroborate our observations that CTV strains progress
towards a point of equilibrium over time, deﬁned by the host and
strains/variants present, we quantiﬁed CTV strains present in indivi-
dual trees from a series of productive, commercial groves in central
and south Florida. We selected commercial groves because unlike the
experimental block examined at the beginning of this study, all trees
are the same species/cultivar, and of the same approximate age.
Quantiﬁcation revealed that each grove had a unique CTV population,
with a relatively uniform composition and structure (Fig. 6a), and
little-to-no variation between individual trees within a single grove.
Only results for individual trees in the ﬁrst grove (navel on sour
orange rootstock) are shown (Fig. 6b); the same lack of variation
between trees was however, observed in all groves (data not shown).
We also found that when multiple samples taken from different
sites within the same trees were compared, the different samples
had similar components and structures, with titers remaining within
one order of magnitude (101), giving no evidence of distinct sub-
populations or segregation within each tree (Fig. 6c). Differences in
structure were observed between different groves (Fig. 6a), which is
to be expected given differences in the scion and rootstocks used,
isolates present, as well as tree age and location. Cumulatively, these
suggest that that each grove possessed a local CTV population that
had, over time and irrespective of how and when the trees became
infected, stabilized to a point of equilibrium deﬁned by host and
isolates present.
Discussion
Populations are a near-ubiquitous feature of viruses that infect
plants or animals (Syller, 2012). A virus population within an
individual can increase in complexity through successive inoculation
of different variants, strains, or species. The populations themselves
are, however, dynamic entities that can change in structure and
composition in response to environmental stimuli and selective
pressures.
In this study, we began with the observation that the CTV
populations, originally isolated from citrus trees in a genetic
improvement grove with various genotypes, possessed substan-
tially different population compositions and structures. All of the
trees were free of virus when transplanted into the ﬁeld; therefore
it was logical to assume that CTV infection occurred via aphid
transmission from neighboring groves. There was also ample
opportunity for the accumulation of CTV strains over the 15–20
years in which these trees have been in place. This raised the
question of how these populations came to be.
We observed that aphid transmission of these populations did not
lead to a signiﬁcant bottleneck in the diversity of strains transmitted.
Fig. 4. Time-course comparison of the relative titers of CTV strains T36 (black), T30 (gray), and VT (white), in which an established population of two strains (T36þT30 and
T36þVT) was subsequently inoculated by a third strain (VT or T30 respectively) and the change in population structure monitored by RT-qPCR.
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Fig. 5. The relative titer of CTV strains T36 (black), T30 (gray), and VT (white) in different citrus species as determined by RT-qPCR at 12–16 weeks post-inoculation. All
species were inoculated from the same source isolate.
Fig. 6. The titer of CTV strains T36 (black), T30 (gray), and VT (white) in samples taken from productive groves in central Florida. (A) Titer averaged per grove, (B) individual
trees from Grove 1, and (C) multiple samples from trees 1 and 2 of grove 4, as determined by RT-qPCR.
S.J. Harper et al. / Virology 485 (2015) 205–212 209
There was, however, an appreciable effect on the titer of the
individual strains introduced into the aphid inoculated host that
varied between individual receptors, and did not reﬂect the titer in
the source. This suggests that aphids randomly sample source plants,
which would, seemingly, be an explanation for why the experimental
grove trees examined were all different. It is also possible that each
tree was inoculated from a different source, and that some horizontal
transmission had occurred within the grove. Yet the commercial
groves we examined showed little of the diversity observed in the
experimental grove, despite having also originated as virus-free
plantings with the same potential for infection and subsequent
development of populations. Why are they different?
This led us to ask what becomes of virus populations over time,
and their potential for change under different circumstances. When
we tested the effect of sequential delivery of partial populations
experimentally in Alemow it was found that, irrespective of the order
of introduction, over time each population stabilized at the same point
of equilibrium, that is, the same population composition and structure.
Similarly, when populations with the same 3 strains at different titers
were introduced into the same host species or cultivar, we observed
the same effect: eventual stabilization at a common structure for each
isolate in each host. These results cumulatively suggest that neither
the order nor the titer of strains introduced inﬂuenced the ﬁnal
population structure, which changes over time from what is initially
introduced, towards a ﬁnal, stable point of equilibrium.
The factor with the most pronounced effect on the ﬁnal
equilibrium was the host species, where the same source popula-
tion reached different structures in different citrus species. We
know that the CTV strains differ in their ability to move and
accumulate in different host species (Harper et al., 2014) and that
the host species exerts strong selective pressure on the virus
(Sentandreu et al., 2006), so the equilibria observed could reﬂect
the ﬁtness of each strain in the given host, with selection acting to
maintain replicative and movement functions whilst avoiding host
defenses such as RNA silencing (Harper, 2013). This is likely why
trees from the experimental grove, a series of hybrids, each of
which is genetically unique, maintained different populations;
while populations from commercial groves, each containing trees
with identical scion and rootstock combinations, were uniform.
Given that viruses have a propensity for mutation and recombi-
nation, one would also expect that the ﬁtness of individual variants,
in any given host, to differ between isolates. We observed this to
occur in this study, where plants of the same species inoculated with
3 different isolates, each containing variants of the same 3 strains,
reached different equilibria. This is also likely why the virus popula-
tions differed between groves, despite containing the same 3 strains
in the same host species. Thus the ﬁtness, and hence competitive-
ness, of individual variants can alter the equilibria reached, as can
potential interactions between variants through complementation
(Harper et al., 2015).
To conclude, neither the order nor the titer of CTV strain
introduced into a plant are signiﬁcant in determining what the
stabilized virus population structure will be; instead, virus popu-
lations in hosts of the same species and under the same conditions
tend towards a point of equilibrium. The role of equilibrium in the
induction of disease has not been explored extensively, although
evidence suggests that in citrus at least, it is when this equilibrium
is disrupted, either by host change or the introduction of a new
isolate, that disease occurs (Souza et al., 2000; Sambade et al.,
2002; Scott et al., 2013). It is also possible that disease is the result
of a ‘shock’ reaction to the disruption of the viral population, and
recovery represents either a return to the previous equilibrium, or
to a new, different, equilibrium. It is to be hoped that a greater
understanding of population equilibrium, and how to manipulate
populations, will permit the stable, tailored protection of
perennial crops.
Materials and methods
Field samples
We began by examining the virus populations present in a series
of trees in an experimental grove at the Citrus Research and
Education Center, University of Florida, which had previously demon-
strated a range of disease symptoms on indicator hosts (Hilf et al.,
2007). These trees, of approximately 15–20 years in age, were the
result of somatic hybridization between sweet orange (C. sinensis)
and various other species (Grosser et al., 1998). Samples were taken
from leaf midrib, bark tissues, and young ﬂush growth from around
the circumference of the tree canopy and pooled for total RNA
extraction using Trizol reagent (Life Technologies, Carlsbad CA), as
per the manufacturer's instructions.
For quantiﬁcation of CTV strains present, a one-step Taqman-
based RT-qPCR was performed using primer/probe combinations
(sequences given in Harper et al., 2015) designed to amplify a
fragment spanning the intergenic region between the RdRp and
p33 ORFs. This region allows discrimination of extant strains, and
is not expressed as part of any of the major sub-genomic RNAs,
allowing accurate quantiﬁcation of the genomic RNA (Ruiz-Ruiz et
al., 2007). All strains share a common antisense primer, and two,
VT and T30, share a sense primer. The three Taqman probes all
target a binding site on the genome containing sequences con-
served within, but distinct between, the T36, T30, and VT strains.
For relative quantiﬁcation, samples were normalized against two
reference genes, ACTB and GAPDH, found to be stably expressed
between different citrus species (Harper et al., 2014).
All ampliﬁcations were performed in a singleplex manner, using
the Superscript™ III Platinums One-Step qRT-PCR kit (Invitrogen)
with 200 nM each of the appropriate sense and antisense primers
(Table 1), 50 nM of the corresponding 6-FAM/BHQ-1 labeled Taqman
probe, additional MgSO4 to a ﬁnal concentration of 6 mM, and 2 μl of
total RNA in a reaction volume of 10 μl. Cycling conditions were as
follows: 50 1C for 5 min, 94 1C for 2 min, then 40 cycles of 94 1C for
Table 1
The frequency of CTV strains T36, T30, and VT, as determined by RT-qPCR, in aphid-inoculated C. macrophylla seedlings at 8 weeks post-inoculation.
Type No. ELISA positive/total no. transmissions Strains present
T36 VT T30 T36þVT T36þT30 VTþT30 T36þVTþT30
a.) Batch-10 61/147 0 0 0 2 5 0 54
80/452 9 0 5 2 30 8 26
7/42 0 0 1 0 6 0 0
22/98 2 0 3 0 11 5 1
Total 170/739 11 0 9 4 52 13 81
b.) Single 5/98 0 0 0 0 5 0 0
11/98 0 0 0 1 0 3 7
Total 16/196 0 0 0 1 5 3 7
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10 s and 60 1C for 40 s. All samples were tested in technical replicates
of three, and relative quantiﬁcation calculated against a control
sample weakly positive for all three strains (Ct values 36.2–36.6
cycles), and normalized against the geometric mean of the Ct values
of the two reference genes. All calculations were performed as per
Harper et al. (2014).
For conﬁrmation of the equilibrium hypothesis additional ﬁeld
samples were collected from active, productive groves throughout
central Florida in the spring of 2014. Trees sampled were between
5 and 20 years in age, and were maintained using standard grove
management and insect control practices. Samples were collected
and quantiﬁed as above, and results collated for each grove. Also,
to conﬁrm that the sampling process, of pooling samples taken
from an individual tree, was not obscuring differences in popula-
tion structure in different sectors of the tree, we sampled 3 ran-
domly selected areas of the canopy of 2 trees from grove 4, and
quantiﬁed each individually as above.
Aphid transmission of a CTV population
Six-month-old Alemow (C. macrophylla) were graft-inoculated
with Florida isolate FS703, which contains CTV strains T36, T30
and VT (Harper, 2013), and virus presence conﬁrmed by real time
RT-qPCR as above. Aphid transmissions were conducted from
these plants using Toxoptera citricida (brown citrus aphid) in
glasshouse conditions, with a 24 h acquisition period, followed
by transfer to 6-week-old Alemow both singly and in batches of 10
aphids per plant, and left to transmit for a further 24 h. After
transmission the aphids were killed with an application of 1%
carbaryl (Bayer CropScience, Research Triangle Park, NC, USA).
Seedlings were tested for CTV presence by ELISA eight weeks post-
transmission, and strains present identiﬁed by RT-qPCR.
Effect of inoculum structure
Next we examined whether inoculum with differing levels of
T36, T30, and VT would change over time, or whether the
structure would reﬂect the founder population, with its potential
loss of genetic variation, introduced from the inoculum. We graft-
inoculated replicates of 5 citron (C. medica ‘Etrog’) with three
different Florida ﬁeld isolates FS627 (Brlansky et al., 2003), FS672,
and FS692, all of which contain the strains T36, T30, and VT at
different titers; strains present in the latter two were conﬁrmed
using multiple-molecular markers, as per Hilf et al. (2005) (data
not shown), and strain titer quantiﬁed by RT-qPCR, as described
above. Each plant was sampled twice: at 6 weeks post-inoculation
to examine the founder population, and at 24 weeks post-
inoculation to see whether the population structure had subse-
quently changed. Populations were assessed and quantiﬁed by real
time RT-qPCR as above.
Effect of sequential virus inoculation
We also examined whether introducing the strains sequen-
tially, as would likely occur in trees under aphid pressure in the
ﬁeld, would produce the same population structure over time. We
therefore inoculated 10 Alemow each from sources that contained
approximately equal titers, as determined by RT-qPCR (data not
shown), of strains T36 and T30, and T36 and VT respectively. Strain
titers were checked 12 weeks post-inoculation by real-time RT-
qPCR to ensure stability and a third strain, VT or T30, introduced
by graft. The third combination, VT and T30, with a T36 overlay
was not attempted as all VT containing isolates in our possession
also contain a latent T36 strain (Harper et al., 2015). After checking
secondary grafts for survival at 3 weeks, plants were maintained in
an insect-proof greenhouse and population structure monitored
by real time RT-qPCR as above at 6, 9, 12, 16, and 20 weeks post-
inoculation.
Effect of host species
To examine whether there was a host speciﬁc population
structure, we graft-inoculated 10 plants each of Alemow, ‘Pine-
apple’ sweet orange, sour orange, ‘Sun Shu Sha’ mandarin
(C. reticulata), ‘Duncan’ grapefruit (C. paradisi), ‘Pandan Wang’
pomelo (C. maxima) and ‘Carrizo’ citrange (C. sinensis Poncirus
trifoliata) with CTV isolate FS674, a ﬁeld sample from central
Florida that contains the strains T36, T30, and VT at high titer
(Harper, 2013). Grafts were checked visually for survival 3 weeks
post-inoculation, the plants cut back to force ﬂush growth, and
maintained in an insect-proof greenhouse. At 12–16 weeks post-
inoculation, plants were sampled and tested as above.
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